Strain glassy behavior (SGB) in correlation with premartensitic tweed (PMT) morphology was observed in an Au 7 Cu 5 Al 4 alloy, which is different from previously observed SGB that is incompatible with PMT in doped Ti-Ni alloys. Additionally, an "inverse freezing" transition from martensite to premartensitic strain glass upon heating was experimentally discovered, confirming a recent theoretical prediction. Investigations of rich phenomena in nonmagnetic Au-Cu-Al alloys are expected to shed light on the origin of both premartensitic transition and glasses. The premartensitic or precursor phase before martensitic transformation, which shows a kind of nanoscale structure in the form of cross-hatched tweed or mottled morphology 1, 2 and an anomalous [ζ ζ 0] TA 2 phonon softening, 3, 4 has been documented in a wide range of important materials, including shape-memory alloys, 5-7 superconductors, 8 and colossal magnetoresistance (CMR) materials.
The premartensitic or precursor phase before martensitic transformation, which shows a kind of nanoscale structure in the form of cross-hatched tweed or mottled morphology 1, 2 and an anomalous [ζ ζ 0] TA 2 phonon softening, 3, 4 has been documented in a wide range of important materials, including shape-memory alloys, [5] [6] [7] superconductors, 8 and colossal magnetoresistance (CMR) materials. 9 At least two view sets have been developed for the nature of the premartensitic state that provide insights into the dynamics of martensitic alloys. In one view set, the appearance of a premartensitic anomaly is attributed to Fermi surface nesting. 7, 10, 11 In the other set, the premartensitic phase can be considered a strain glass phase (Kartha et al. 2, 12 and Semenovskaya and Khachaturyan, 13 used the term "spin glass").
Strain glass in ferroelastic alloys (analogous to spin glass in ferromagnetic systems 14 and relaxor in ferroelectric systems 15 ), a frozen state of disordered lattice distortion in defect-containing systems, is a type of glass recently observed experimentally in Ni-rich Ti-Ni alloys. 16 Strain glass has already demonstrated a number of interesting properties, such as shape memory effect and superelasticity. 17, 18 A strain glass was previously considered to be different from the premartensitic tweed, 18, 19 because the premartensitic tweed of the investigated systems 18, 19 does not show the essential features of a glass and because strain glass completely suppresses the martensitic transformation upon cooling unless a suitable external stress is applied in Ni-rich Ti-Ni alloys. 20 However, in a nonmagnetic Au 7 Cu 5 Al 4 alloy, a premartensitic strain glassy behavior has been observed near room temperature, which provides direct experimental evidences for theories by Kartha et al. 2, 12 and Semenovskaya and Khachaturyan 13 mentioned above. Additionally, a process of "inverse freezing" (reversible glass transition upon heating), 21 the martensite → premartensitic strain glass transformation, has been experimentally observed, verifying the theoretical prediction of Sherrington. 22 An intermetallic compound Au 7 Cu 5 Al 4 (sometimes known as "Spangold" 23 ) has shape memory properties and is of interest for its radio-opaqueness and relative corrosion resistance. Samples of Au 7 Cu 5 Al 4 alloys were prepared by arc melting in argon atmosphere with elements of purity no less than 99.9%. Each ingot was remelted three times, then homogenization-treated in argon atmosphere at 680
• C for 8 h and finally cooled to room temperature (RT, about 22
• C) in the furnace. Composition of ingots was characterized as Au 7.3 Cu 4.9 Al 3.8 (mole fraction) by energy-dispersive X-ray spectroscopy. Samples were cut from the same ingot into suitable shapes then annealed at 500
• C for 6 h and water-quenched to RT (designated S1). Some S1 were further quenched from RT to −60
• C (dry ice-ethanol bath), and then back to RT (designated S2). S1 were characterized by a dynamic mechanical analyzer (DMA), differential scanning calorimetry (DSC), and in-situ X-ray diffraction (XRD) on X'pert PRO MPD with Cu k α radiation. S2 were investigated by XRD (Rigaku D/max-2550/PC). Microstructures of both S1 and S2 were analyzed by transmission electron microscopy (TEM; JEM 2100F and 2100, respectively) at RT, and S1 was observed by in situ TEM (JEM 2100) as well, to study the evolutionary mechanism of the strain glass upon heating.
Both glassy behavior and martensitic transformation in the Au 7 Cu 5 Al 4 alloy (S1) were observed in DMA experiments with a ramp rate of 2
• C min −1 during cooling from 200
• C. Martensitic transformation start temperature (M s ) and reverse transformation temperature (A s ) were measured as 17.3
• C and 69.7
• C, respectively, as shown in Fig. 1 (a). The martensitic transformation is characterized by a sharp frequency-independent storage modulus increment and a highfrequency-independent internal friction peak [ Fig. 1(b) ]. In contrast, before the martensitic transformation, the storage modulus dip and internal friction show clear frequency dependence, exhibiting an obvious frequency-dependent premartensitic behavior. The peak of frequency-dependent internal friction was denoted as T g , 24 which shifts from 43.2 • C to 88.9
• C, with frequency ω from 0.2 to 20 Hz. The ln ω vs. T g (w) relation can be fitted with the Vogel-Fulcher relationship:
, where E a is the activation barrier, T g (w) is the glass transition temperature measured at a frequency ω, and T 0 is the ideal glass transition temperature No obvious microstructural change in S1 can be observed by in situ XRD patterns [ Fig. 1(c) ] from 200
• C to 30 • C (above M s temperature to avoid martensitic transformation), which is another feature of strain glass. 19 In comparison, the XRD profile of S2 at RT in the bottom of Fig. 1(c) shows that martensite was formed during the quenching process from RT to −60
• C. The nonergodicity of the system was observed by a zerofield cooling/field cooling (ZFC/FC) experiment [ Fig. 2(a) the parent phase between 150
• C and 30
• C, with a small stress ∼30 MPa. The experimental details of ZFC/FC measurement can be found in Ref. 25 . The change in the zero-field length (strain) curve was obtained by DMA with a small preset force (0.01 N, to keep the sample straight). With decreasing temperature, the ZFC/FH curve and FC/FH curve continuously diverge with freezing temperature T f 26 of about 60
• C, indicating the broken ergodicity of the system, which is another feature of strain glass. 19 However, it should be noticed that there is still a deviation between ZFC/FH and FC/FH curves, even at 150
• C, which was repeated on 10 specimens and is obviously different from the ZFC/FC curves in Ti-Ni alloys. 19 This is probably because a metastable precursor state exists before the appearance of strain glassy behavior. 22 More surprisingly, the ideal glass transition temperature T 0 is not consistent with the freezing temperature T f . The detailed mechanism needs further investigation.
As can be seen from the above results, three essential features 19 of strain glass are observed during cooling from 150
• C to 17.3
• C followed by a body center cubic (bcc) to body center tetragonal (bct) martensitic transformation: (1) a frequency-dependent internal friction peak in the glass transition, (2) the same average structure in the glass as in the high-temperature disordered phase, and (3) the non-ergodicity of the glassy state.
More surprisingly, the strain glassy behavior was observed after the austenitic transformation, as shown in Fig. 2(c) : immediately after the disappearance of martensite in the heating process, the frequency-dependent internal friction peak immediately appears. This phenomenon indicates that the strain glass can only exist above M s , and the martensite → strain glass transition upon heating is a kind of "inverse freezing" process. 21 In fact, Sherrington 22 has predicted a sequence of phase transitions when lowering the temperature-austenite → strain glass → mixed twins/strain glass phase → ergodic twinned martensite-and the reversible process is "inverse freezing." 21 It is clear that the current experimental results are in accord with Sherrington's prediction.
Tweed structure (∼50 nm) in S1 [ Fig. 3(a) ] and martensite plates in S2 [ Fig. 3(c) ] were observed in TEM pictures, indicating that the tweed structure is premartensitic tweed. Figure 3(b) shows the high-resolution TEM (HRTEM) image of the premartensitic tweed. As illustrated in the inset of Fig. 3(a) , there are sharp and incommensurate 1/5 spots near the 220 directions. More interestingly, the HRTEM image in Fig. 3(b) shows the appearance of nano-domains (∼1.5 nm). In fact, the nano-domains are formed by a periodic shuffling (modulation) along the 220 direction, with the sequence (3,2) in Zhdanov notation ( the   FIG. 4. (a) Bright-field image of S1 at RT and its EDP. (b) Bright-field image of S1 at 150
• C and its EDP. (c) Bright-field image of S1 aged at 200
• C for 40 min and its EDP.
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JIAYI LIU et al. PHYSICAL REVIEW B 84, 140102(R) (2011) so-called 5M structure, using the notation of Ref. 27 ). Thus, it can be concluded that the nano-domains with normal direction near 220 are responsible for the incommensurate 1 5 220 satellites in the inset of Fig. 3(a) .
In-situ TEM was conducted to further investigate the evolution of the hierarchical microstructures (premartensitic tweed and nano-domains) upon heating. Figure 4(a) presents the bright-field image of S1 along the [001] zone axis at RT. Interestingly, the premartensitic tweed displays clear 100 direction. Note that the incommensurate satellites in the inset of Fig. 4(a) is near 1 6 420 , which is different from the satellites near 1 5 220 in the inset of Fig. 3(a) . This may be due to the statistical nature of the incommensurate nano-domains. During the heating process from 22
• C to 150
• C, the premartensitic tweed fades away, while the satellites (corresponding to the nano-domains) still exist, as shown in Fig. 4(b) . As the sample is further heated to 200
• C, the satellites become obscure and disappear totally 40 min later, as shown in Fig. 4(c) . Because the temperature range (22 • C to 150
• C) for the appearance of strain glassy behavior is identical to the temperature range of the tweed structure, but different from that of the nano-domains (22 • C to 200
• C), premartensitic tweed rather than the nano-domains is responsible for the strain glassy state.
The origin of premartensitic glassy behavior in Au 7 Cu 5 Al 4 alloys is not clear yet. Recently, at least three factors have been proposed to account for the precursor behavior: elastic anisotropy, 1 structural anisotropy, 28 and point defects. 29 In particular, the first two theories imply that the tweed structure (nanoscale textures or nano-precipitations) is correlated with the strain glassy behavior, which is supported by our in-situ TEM results.
Lloveras et al. 1 suggested that low anisotropy A = 2C 44 /(C 11 − C 12 ) inhibits the formation of martensite but favors strain glassy behavior. It has been found that Ti-Ni has the lowest elastic anisotropy A ≈ 2 of all known shape-memory alloys 30 and shows the strain glassy behavior, whereas Ni 63 Al 37 has a high elastic anisotropy A = 48.3 31 and shows no features of strain glass in the premartensitic tweed regime. 19 It is expected that the Au 7 Cu 5 Al 4 alloy with an intermediate A ≈ 3 exhibits both strain glassy behavior and martensitic transformation in different temperature ranges, although the mechanism is still open to investigation. Here, A of Au 8 Cu 4 Al 4 , estimated at 0 K, was taken for the purpose of a rough estimation.
In summary, premartensitic strain glassy behavior has been observed in Au 7 Cu 5 Al 4 alloys within the same temperature range for the existence of tweed morphology, indicating that the tweed structure is responsible for the strain glassy behavior. This provides experimental evidences for theories by Kartha et al. 2, 12 and Semenovskaya and Khachaturyan, 13 who proposed that the glassy behavior originated from premartensitic tweed. In addition, an "inverse freezing" transition from martensite to premartensitic strain glass was discovered, which confirms Sherrington's theoretical prediction. 22 The richness of near-room-temperature phenomena in this nonmagnetic alloy might provide an easily accessible "laboratory" for understanding unsolved topics in premartensitic phenomena and the glassy behaviors of condensed-matter systems.
